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controls organ size through the regulation of cell prolifer-
ation, apoptosis, and stem cell self-renewal.1 Yes-
associated protein (YAP) and PDZ-binding motif (TAZ), are
two major downstream transcription coactivators of Hippo
signaling. Hippo pathway signals through a cascade of ki-
nases which control the activity of YAP/TAZ in a
phosphorylation-dependent manner (Fig. 1). Dysregulation
of the Hippo signaling pathway is known to induce dramatic
changes in organ size or tumorigenesis.1 However, the role
of Hippo signaling in tooth development has not been
explored in great detail.
Tooth development is a multi-stage and multi-step pro-
cess involving determination and patterning events, epi-
thelialemesenchymal interactions, and cell migration,
proliferation, and differentiation.2 Interestingly, YAP was
found to be expressed in a timely controlled manner during
tooth development.3 Nuclear expression of YAP was
detectable in the dental epithelium as early as lamina stage
and was correlated with the proliferating rate at a later
stage of tooth development. For instance, the YAP level
remained strong in the proliferating areas in the inner
dental epithelium from bud stage to the eruption stage
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slowly. It even disappeared at the initiation of differenti-
ation in inner dental epithelial cells.3 This unique pattern is
coincident with the stage- and space-specific expression of
two major YAP transcriptional targets, Connective tissue
growth factor (CTGF) and cysteine-rich angiogenic inducer
61 (Cyr61) in tooth development.2 However, before iden-
tification of Hippo signaling as a master regulator of organ
size control, CTGF has already been recognized as a critical
regulator required for proliferation and differentiation in
the developing tooth.2 Thus, the above mentioned studies
give rise to the hypothesis that Hippo signaling may be
involved in tooth development although the exact mecha-
nism is not known at this time.
Among the many events involved in tooth development,
reciprocal interactions between epithelial and underlying
mesenchymal cells have drawn particular attention of sci-
entists, because of their indispensable roles in dental
initiation stages as well as in driving the proliferation and
differentiation of dental progenitor cells.4 A recent study
showed the intriguing aspect of developing tooth that this
interaction involves a fundamental mechanical control.5
Tooth-specific differentiation of mesenchymal cells is
initiated when the dental epithelium secretes a mixture of
soluble factors, leading to tight packing and subsequent
change in cell shape. Differentiated dental mesenchymal
cells in turn deposit extra cellular matrix (ECM) components
which ultimately alter the stiffness of the tooth organ
microenvironment.5 How the dental mesenchymal cells and
dental epithelial stem cells read these mechanical cues
remained elusive until researchers found that mechanicalby Elsevier Taiwan LLC. This is an open access article under the
4.0/).
Figure 1 Model of the Hippo pathway and its crosstalk with other signaling pathways. The Core Hippo pathway is a kinase cascade
where Mst1/2 kinases and Sav1 form a complex to phosphorylate and activate LATS1/2. LATS1/2 kinases in turn phosphorylate and
inhibit the transcription coactivators YAP and TAZ. However, when YAP/TAZ are dephosphorylated, they translocate into the
nucleus and interact with TEAD1-4 to induce expression of genes including CTGF, Cyr61, Gli2, and FGF1. The Core Hippo pathway is
regulated by multiple upstream stimuli including G protein-coupled receptor (GPCR) signaling, cellecell contact, cell polarity, and
mechanical stress. In addition, the activity of YAP/TAZ is regulated by a tight junction and adherens junction where AMOT family
proteins, ZO-2, or a-catenin bind with YAP/TAZ resulting in their cytoplasmic sequestration. YAP/TAZ are involved in crosstalk with
Wnt, Shh, and TGFb pathways. YAP/TAZ serve as dual role mediators of Wnt signaling dependent on cellular localization. In “Wnt
Off” cells, cytoplasmic YAP/TAZ interact with b-catenin destruction complex leading to b-catenin degradation. In “Wnt On” cells,
YAP/TAZ are released and activated leading to the transcription of Wnt-induced, YAP/TAZ-dependent genes. YAP/TAZ regulate Shh
signaling pathway via independent upregulation of Gli2. In the BMP/TGFb signaling pathway, YAP/TAZ synergize the transcription
of downstream target genes through interactions with Smad1. BMP Z bone morphogenic proteins; CTGF Z connective tissue
growth factor; Cyr61Z cysteine-rich angiogenic inducer 61; GliAZ Gli activator; ShhZ sonic hedgehog; TAZZ PDZ-binding motif;
TGFb Z transforming growth factor beta; YAP Z yes-associated protein.
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tion of YAP/TAZ.1 Consistently, CTGF and Cyr61 are known
for translating mechanical signals into tissue remodeling
through multiple mechanisms.6 Recently, genetic studies
confirmed that overexpression of YAP in mouse dental
epithelium resulted in widened dental lamina and mis-
located enamel knots in the cape stage.7 Therefore, Hippo
signaling seems to be a fundamental pathway required for
the regulation of proliferation, differentiation, and the
stem cell self-renewal in response to cues from the
microenvironment in the developing tooth.
Tooth morphogenesis is also regulated by complex
signaling networks including sonic hedgehog (Shh), Wnt,
bone morphogenic proteins (BMP), and fibroblast growth
factor (FGF).4 Several studies showed crosstalk of Hippo
signaling with these pathways in multiple physiological or
pathological conditions (Figure 1). The Shh signaling
pathway is one of the indispensable pathways that regulate
tooth development through Gli2/3.4 One study has
demonstrated that transcription of Gli2 could be directly
modulated by YAP.8 Wnt signaling is another importantpathway required for tooth development through regula-
tion of transcription coactivator beta-catenin. In “Wnt Off”
cells, Hippo signaling suppresses beta-catenin activation via
a direct binding between cytoplasmic YAP/TAZ and beta-
catenin destruction complex. In “Wnt On” cells, YAP/TAZ
are released and accumulate in the nucleus leading to the
transcription of Wnt-induced, YAP/TAZ-dependent genes.1
Another study also identified Smad1, a transcription fac-
tor in the BMP/TGFb signaling pathway, as another inter-
acting partner with YAP. This interaction mediates
transcription of Smad1 target genes in a YAP-dependent
manner.1 Furthermore, Hippo signaling has crosstalk with
FGF signaling via upregulating the expression of FGF1.1 As
such, the Hippo signaling pathway may be broadly involved
in the fine-tuning of tooth development via multiple indi-
rect mechanisms.
Taken together, the studies summarized in this
perspective suggest that tooth development is regulated,
at least in part, through Hippo signaling pathways via
transcription coactivators, YAP/TAZ. As global over-
expression of YAP in mice is embryonic lethal,7 genetic
Hippo pathway in tooth development 297manipulation of tooth specific expression of Hippo signaling
proteins in murine models should be used in further studies.
Findings from these models will provide novel insights into
the molecular mechanism controlling tooth development.
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